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Within the lateral organisation of plasma membranes of polarized cell types there exist heterogenous
microdomains of distinct lipid composition, the small size of which (10–200 nm) makes them difﬁcult to
discern with traditional microscopic techniques, but which can be distinguished on the basis of lipid packing.
These microdomains or rafts can be concentrated in larger more visible liquid-ordered regions, particularly by
cross-linking of their constituents as in the immunological synapse or in features of the polarized cell such as
pseudopodia or ﬂagella. One technique, Laurdan ﬂuorescence microscopy, has proven very useful for
distinguishing such regions but has hitherto relied on 2-photon confocal microscopy. This has to some extent
limited its utility to living systems and its widespread adoption in studying membrane dynamics on the
surface of living cells. Here we describe and validate the adaptation of a standard wideﬁeld ﬂuorescence
microscope for live imaging of Laurdan stained cell membranes.
© 2010 Elsevier B.V.
1. Introduction
Cell membranes contain many different lipid species, with
different combinations found in different cell types. Within cells
there exists a heterogeneity of lipid species in the lateral organisation
of the cell membrane, with distinct regions, or domains possessing
different lipid composition. The possibility of lateral phase separation
in phospholipids membranes has long been discussed [1], with Ipsen
and Mouritsen [2] introducing the possibility of stable lipid domains
existing within the cell membrane which exhibit liquid-ordered (lo)
states relative to adjacent liquid-disordered regions (ld). These
dynamic micro-domains are composed predominantly of cholesterol
and glycosphingolipids and appear to mediate cellular processes such
as signal transduction, protein sorting, cell adhesion, and membrane
trafﬁcking [3] and have been termed lipid rafts [4]. They were deﬁned
by Pike [5] as ‘small (10–200 nm), heterogeneous, highly dynamic,
sterol- and sphingolipid-enriched domains that compartmentalise
cellular processes.’ Components associated with lipid rafts have
(controversially) been identiﬁed by their insolubility in detergents,
and the association of these regions with the accumulation of raft-
associated proteins [6]. The lipid raft hypothesis, although gaining
increasing acceptance, is still the subject of some debate, in part due to
the small size and transient nature of the rafts [6,7] and the difﬁculty
in ﬁnding deﬁned phase boundaries in living systems due to most
biological membranes not being at equilibrium [8,9]. The size of the
lipid raft, as deﬁned by Pike [5] is also part of this debate, with the size
deﬁnition depending on the technique being used to measure it. Their
presence is often correlated to the clustering of many important
signalling molecules, rather than by direct observation of the lipid
organisation, due to the difﬁculty of demonstrating the assembly of
distinct lipid species at these regions, with some postulating that the
nanometre scale rafts are maintained by the cell as part of a mosaic of
domains but are largely non-functional until they form larger,
micrometre scale clusters around raft-associated proteins, as
reviewed by Mayor and Rao, 2004 [10]. It therefore remains an
important experimental goal to provide a correlation between the
localised ﬂuctuation of lipid composition and the cellular processes
they are proposed to help mediate. However, it is clear that the
segregation of cholesterol and sphingolipids is important in the
compartmentalisation of membrane function [7]. Work on T-cell
activation domains [11,12] has shown the functional necessity for
these lipid species to cluster into domains [13] and the apparent role
of lipid rafts in pathogen entry into cells [14,15], while recent reports
have also revealed an association between membrane rafts and the
haemagglutinin of inﬂuenza viruses [16]. Consequently, methods for
studying these lipid rafts and their physiological roles have an
increasing importance and are becoming increasingly studied.
Jacobson et al. [17] and Lagerholm et al. [18] reviewed many of the
techniques used for lipid raft and microdomain investigation.
The ﬂuorescent probe 6-dodecanyl-2-dimethylaminonaphthalene
(Laurdan) has been used to study higher-order lipid microdomains,
due to its phase variation in ordered and ﬂuid membrane regions.
Laurdan is a lipophilic polarity-sensitive dye, ﬁrst designed and
synthesised by Weber and Farris [19], that incorporates into the
membrane with an even distribution and is not inﬂuenced by cell
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aligns parallel to the hydrophobic lipid chains of the membrane [20]
and its usefulness for the study of membrane dynamics arises from
the fact that its ﬂuorescence changes depending on the amount of free
water in the membrane. Laurdan reﬂects the water content of, and
penetration into the surrounding membrane, rather than its speciﬁc
lipid species composition [20]. In a membrane in a more ﬂuid state,
Laurdan ﬂuoresces with greater intensity at green wavelengths, with
an emission maximum centred at 490 nm, whereas in more ordered
regions its emissionmaximum shifts to the blue wavelengths, centred
at 440 nm. Generalised Polarisation (GP) ratiometric analysis was
designed [21,22] to calculate the different lateral packing of
membrane regions from the emission intensity at these two
wavelengths, using the following equation:
GP = I440–I490ð Þ= I440 + I490ð Þ
where I440 and I490 are theﬂuorescence intensities at thosewavelengths.
This results in a value for each pixel ranging from −1.0 (most ﬂuid)
to +1.0 (most ordered). Because the GP is a comparative ratio it is
independent of local probe concentration, provided probe concentra-
tion is low enough to avoid quenching and any inﬂuence on the acyl
chains in the membrane. The solution of probe and vehicle can also
potentially inﬂuence the penetration of water into the membrane,
altering the resulting GP.
Laurdan GP can be obtained using both spectroscopy and
microscopy techniques [23] with the former a more general method
for detecting trends in GP for whole samples such as the changes in
spermatozoa under different conditions [24] and in the formation of
endosomes [25] found in the trans-Golgi network. Spectrophot-
ometers have also been used to study the effect of alcohol on eryth-
rocyte membranes [26] where sample GP averages were reduced with
increases in alcohol concentration. In microscopy, Laurdan staining
has been used to study the ordered state of domains in artiﬁcial and
physiological membranes. Giant unilamellar vesicles (GUVs) are a
simpliﬁed system used to study phase separation of artiﬁcial lipid
mixtures in response to temperature and pH changes [27–29]
showing that at certain temperatures these artiﬁcial vesicles exhibit
phase coexistence over their surface. For interactions with unlabelled
proteins they can be used to observe whether the proteins cause any
alterations in membrane phases [30]. Many of the proposed
properties of lipid rafts have also been observed in these artiﬁcial
membrane systems [31,32].
Kaiser et al. [33] used Laurdan microscopy to highlight differences
in applicability between model and cell membranes, and the
separation of different membrane proteins into regions of higher or
lower order. In physiological systems, Laurdanmicroscopy has proved
its usefulness in showing distinct clustering of Caveolin-1 with
membrane domains of increased order [34] and has shown the
increased order of the lamellopodia of macrophages [35] compared to
other regions of the cell's membrane. Similarly, Gaus et al. [36] have
demonstrated that focal adhesions are highly organised regions of the
membrane.
The majority of previous reports have used two-photon micros-
copy, as this does not cause excessive photobleaching [37] to which
Laurdan is particularly susceptible [38]. We report on the validation of
a new wideﬁeld microscopy set-up with the ability to capture images
in three different wavelengths simultaneously, and its potential use in
the study of membrane dynamics in live cells in culture in response to
the addition of various factors. We demonstrate its ability to capture
Laurdan ﬂuorescent images with probe concentrations close to those
used for two-photon microscopy and the ability of the system to
detect changes in membrane ﬂuidity with minimal photobleaching.
For this we show here our work on two cell lines of different
physiological functions used in our laboratory, that have previously
been shown to exhibit regions of higher and lower membrane order,and functional cell membrane protrusions such as macrophage
ﬁlopodia. We also show the increased order associated with the
protozoan ﬂagellum. We also show its utility for using the third
channel to monitor in the red wavelengths, using ﬂuorescent beads
coated with protein to show localised membrane order changes at the
synapse, showing how our system can detect regions of different
chain order values in response to extracellular stimuli.
2. Materials and methods
2.1. Cell culture
Madin–Darby Canine Kidney II (MDCKII) cells and murine macro-
phage-like RAW264.7 cells were grown in Dulbecco's Modiﬁed Eagle
Medium (DMEM) with 10% foetal calf serum, at 37 °C and 5% CO2. Cells
were plated out onto 4-well chamber coverslips (Nunc) at an initial
density of 2–4×105 cells mL−1 for subsequent Laurdan staining.
Trypanosoma rangeli were grown in Liver Infused Tryptone (LIT)
medium at 27.5 °C as previously described [43].
2.2. Laurdan staining
Membrane order was evaluated using the ﬂuorescent probe 6-
dodecanoyl-2-dimethylaminonapthalene (Laurdan) (Roche, UK).
Laurdan was solubilised in dimethylsulfoxide (DMSO) to a stock
concentration of 1 mM and kept at room temperature in the dark. This
was kept for no longer than one month before being replaced with
fresh stock solution.
For mammalian cells, culture medium was refreshed and Laurdan
added to the required concentration in the dark to avoid photo-
bleaching. For optimisation of Laurdan staining for mammalian cells
ﬁnal concentrations of 2, 5, 7.5, 10, 12.5, 15 and 20 μM Laurdan were
used. Incubation times of 10, 15, 20, 30 and 45 min were trialled. After
optimisation, cells were incubated in the dark with gentle rocking for
ﬁfteen minutes with the optimised Laurdan concentration to allow
incorporation of the probe. The medium was then removed and the
cells washed gently with 1× phosphate buffered saline solution (PBS)
before a ﬁnal volume of freshmediumwas added. Chamber coverslips
were then sealed and transferred to the microscope stage.
For T. rangeli, Laurdanwas added to 1–5×105parasites in LITmedium
to the desired ﬁnal concentration and incubated with gentle rocking in
the dark for ﬁfteen minutes. Cells were gently pelleted by centrifugation
at 100×g for 5 min. The supernatant was carefully removed and the
parasites washed in 1×PBS before ﬁnal resuspension in fresh LIT. The
parasites were then transferred to a 4-well chambered coverslip which
was then sealed and transferred to the microscope stage.
2.3. Bead incubation
To enable imaging in the third channel of the microscope, cells
were grown in twelve-well plates on 13 mm diameter coverslips to a
density of 8×104 and left to grow overnight under the conditions
described above, then Laurdan-stained prior to bead incubation as
described above. 1.4×104 4 μm uncoated red sulphate-modiﬁed latex
beads (Invitrogen, UK) were then added onto the cells and the plate
was spun in a plate spinner for 1 min at 300×g. Coverslips were then
placed inverted onto microscope slides and sealed with nail varnish
and imaged immediately.
2.4. Fluorescence imaging
Samples were excited with a Cairn OptoSource with a 365/10
excitation ﬁlter and DM400 dichroic mirror (Cairn Research Ltd, UK)
lamp on an Olympus iX71 inverted microscope with a z-axis
motorised stage adaptor (Prior Scientiﬁc Ltd., UK). An Optosplit III
Triple Emission Image Splitter (Cairn Research Ltd, UK) with 435±
Fig. 1. Wideﬁeld triplesplit microscope setup. Representation of the Optosplit III block with dichroic mirror set up for Laurdan staining. The two dichroic mirrors separate the
ﬂuorescence emission of the Laurdan-stained cells into the blue (435 nm) and green (500 nm) wavelengths, with a third channel showing light from the red end of the spectrum
(N500 nm) (A). Calculation of the generalised polarisation of the cell outlined in (A) showing ﬂuorescence at the blue and green wavelengths (B) and the GP image calculated from
these. The range of values represented on the pseudo-coloured GP image is shown as a colourimetric scale to the right of the GP image. Filopodia are highlighted with arrows in the
GP image. Scale bars=10 μm (A) and 5 μm (B).
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HQ500/40 respectively, Chroma Technology, USA), with 460DCLP
and565DCXR dichroic beamsplitters (Cairn Research Ltd, UK) was
ﬁtted to the detection port to split the emission image into three
wavelengths (see Fig. 1A for a representation of this setup).
Images were captured on an Orca AG split-chip CCD camera
(Hamamatsu Photonics, Japan) using Andor iQ software (Andor
Technology, UK).
2.5. Image analysis
Regions of interest (ROIs) of the captured triplesplit images were
separated by wavelength channel and aligned using the Cairn ImageSplitter plugin for the ImageJ software package [44] and saved as
separate ﬁles for each wavelength channel. The generalised polarisa-
tion (GP) values, images, histograms and GP averages were generated
from the blue and green channels using the SimFCS software
(Laboratory for Fluorescence Dynamics, CA, USA). Images were not
altered before GP calculation. Thresholds were evaluated for each
image and set to exclude background ﬂuorescence from the GP
calculations and to include only the ﬂuorescence from the cells.
Examples of captured images before background subtraction are
shown in Figs. 1 and 2. To compensate for any difference in sensitivity
between the channels, the G factor was calculated as described by
Gaus et al. [45] with 10 μM Laurdan in DMSO, and applied to the GP
calculations.
Fig. 2. Isolation of discrete high and low generalised polarisation regions within a RAW264.7 cell membrane. Filopodia are highlighted (arrows). Fluorescence of Laurdan stained
RAW264.7 cell in the blue (A) and green (C) wavelengths. B) GP of the cell showing the range of the cell's calculated GP values. Regions of high (red box) and low (white box)
membrane order are shown. D) GP image showing only those pixels with a GP of 0.2 or more. The regions around the ﬁlopodia appear more ordered. GP histograms (x-axis=GP
value, y-axis=number of pixels) of the high (E) and low (F) order regions from (B). Scale bar=5 μm.
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Cholesterol depletion of cells was performed essentially as
described in Gaus et al. [35]. Brieﬂy, cells were incubated for one
hour in serum-free DMEM before methyl-β-cyclodextrin (MβCD)
(100 mM stock solution in deionised H2O) was added to the required
concentration, with deionised H2O as a control, and incubated for a
further one hour. The culture medium was then replaced with fresh
serum-free DMEM before staining with Laurdan.
2.7. Statistical analysis
GP average of the cell membrane in each GP image was calculated
using SimFCS [46]. The GP averages of twenty to forty images were
taken for each MβCD treatment and an average and standard
deviation calculated per treatment. Statistical analysis was carried
out using one-way Analysis of Variance (ANOVA) with Tukey-HSD
follow-up tests. Results were considered statistically signiﬁcant if
pb0.05.3. Results and discussion
3.1. Optimisation of Laurdan staining
Initial Laurdan-staining experiments were performed using the
MDCKII cell line to ﬁnd optimal concentrations of Laurdan for usewith
the triplesplit ﬂuorescent wideﬁeld microscope setup. Laurdan has
been used previously in the range of 2–8 μM for two-photon
microscopy [35]. For our newwideﬁeld microscope set-up, we started
optimising the Laurdan concentration to be used within this range,
initially using concentrations of 2–20 μM Laurdan. The criteria for
optimisation were for the incorporated Laurdan to ﬂuoresce at
sufﬁcient intensity to allow membrane dynamics to be imaged with
minimal internal staining by the probe through endocytosis, and an
exposure time that minimised photobleaching. Incubationwith 10 μM
Laurdan for ﬁfteen minutes was the lowest concentration coupled
with the shortest incubation period that consistently gave stable
measurable ﬂuorescence throughout the plasmamembranewith little
incidence of internal staining and with an exposure time of under
638 G. Wheeler, K.M. Tyler / Biochimica et Biophysica Acta 1808 (2011) 634–641500 ms which was necessary to reduce photobleaching to a
manageable level. When cells incubated with 10 μM Laurdan were
optically sectioned (and deconvolved), staining was predominantly at
the plasma membrane but this was in contrast to longer (N20 min)
incubations or higher (N15 μM) Laurdan concentrations where
internalisation of Laurdan and subsequent labelling of internal
membrane structures were evident. Conversely, concentrations of
Laurdan below 10 μM or incubation times below 15 min resulted in
insufﬁcient ﬂuorescence or required too long an exposure time. Using
the lowest workable concentration also enabled us to minimise the
amount of DMSO added with the Laurdan, reducing any physiological
effects of this solvent on the cells. Washing the cells after Laurdan
staining also helped to prevent internal labelling, removing excess,
unincorporated Laurdan and enabled imaging for sixtyminutes before
internal structures started to show labelling, which was more than
sufﬁcient for our experimental purposes.
The setup of the wideﬁeld triplesplit microscope with the
arrangement of dichroic mirrors is represented in Fig. 1A as used to
image a live, Laurdan-stained culture of RAW264.7 cells. In theFig. 3. Cholesterol depletion reduces membrane order of MDCKII and RAW264.7 cells. An inc
(B) cells. N for (A) and (B) is at least 20 cells per MβCD concentration. GP image and Histogr
(E and F). Histograms show GP value (x-axis) and number of pixels (y-axis) at that GP valuOptosplit III block, dichroic mirrors separate off ﬁrst the blue and then
the green wavelengths coming from the objective lens. Light of
greater than 500 nm wavelength can then be visualised in the third
imaging channel, including brightﬁeld imaging with illumination
from a lamp passing ﬁrst through a red ﬁlter. To verify whether this
new experimental setup can produce useable reproducible ratio-
metric GP images enabling visualisation of regions of increased or
decreased membrane order, we used the RAW264.7 cell line;
macrophage-like cells that produce ﬁlopodia. These ﬁlopodia have
been previously shown to possess increased membrane order
compared to other regions of the cell membrane [35,39] and so
enabled us to verify whether our new system could detect differently
ordered regions that have been shown under two-photon microscopy
to exist. Fig. 1B shows the image data used in the process of calculating
the GP of a RAW264.7 cell. The intensity of each pixel in the blue and
green ﬂuorescent channels was used in the GP calculation, with
background ﬂuorescence excluded via thresholding. The resultant GP
image is shown alongside (Fig. 1B), pseudo-coloured so that pixels
with higher GP value pixels appear more red, those of lower GP valuerease in MβCD resulted in a decrease in average GP in both MDCKII (A) and RAW264.7
am of MDCKII cells treated with 0 mMMβCD (C and C respectively) and 20 mMMβCD
e. Scale bars=4 μm (C and E).
Fig. 4. Laurdan staining of Trypanosoma rangeli. Far-red illuminated brightﬁeld (A) and
ﬂuorescent images (B and C) of a Laurdan-stained T. rangeli using the triplesplit
wideﬁeld microscope. GP analysis (D) shows the more highly ordered ﬂagellum
(arrow) when compared to the rest of the cellular membrane. Exclusion of low GP
pixels (E) demonstrates the greater number of high-GP pixels in the ﬂagellum. Scale
bar=4 μm.
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highlighted with arrows in the GP image can be seen to have a higher
GP value, containing more pixels towards the red end of the LUT
spectrum. This is similar to the results seen previously with
macrophages [35,37] and provides evidence that the new set up
with the wideﬁeld microscope is sensitive enough to differentiate
between regions of varying order.
3.2. Discrimination of separate regions within a cell membrane
Differences in the GP of regions within individual cells can also be
shown using our setup. The ﬂuorescent images of a live Laurdan-
stained RAW264.7 cell show developing ﬁlopodia (Fig. 2A and C).
When the GP is calculated these appear to have a higher order, or less
ﬂuidity, with more yellow and red pixels than other regions of the cell
membrane (Fig. 2B). This can be seen more clearly when the low GP-
value pixels are excluded, showing only those of a GP of 0.2 or higher
(Fig. 2D). Then, the ﬁlopodia can be seen to contain more of the pixels
at these values than other regions of the cell. Our setup is therefore
sensitive enough to show a difference in GP within an individual cell's
membrane. We can isolate two equally sized regions that appear in
the initial GP calculation to contain regions of greater and lesser
membrane ﬂuidity (Fig. 2B, white and blue and red boxes respective-
ly). Histograms of the GP value per pixel of themembrane in each area
show the region away from the ﬁlopodia displaying apparent lower
membrane order (Fig. 2E) with a lower GP average of 0.058 than the
region around the ﬁlopodia (Fig. 2F) which has a GP average of 0.118,
with a shift to the right of pixel values on the histogram.
3.3. Cholesterol depletion of Laurdan stained cells
Previous reports using Laurdan staining with two-photon micros-
copy have shown a relative lowering of GP average in cholesterol
depleted cells [40], where the more ordered regions, including the
hypothetical lipid rafts, contain an increased concentration of
cholesterol [4]. To test the ability of our system to similarly detect
the effects of cholesterol depletion on membrane order we used the
cholesterol depletor methyl-β-cyclodextrin (MβCD). Previously, con-
centrations of 15–35 μM of MβCD have produced a signiﬁcant
reduction in GP average [40] and so we used a similar range of
MβCD concentrations (0, 10, 20 and 30 μM). We measured the effect
of MβCD on the GP averages of two separate cell lines, macrophage-
like RAW264.7 and epithelial MDCKII cells. At least twenty cells per
treatment, from three separate experiments, were analysed for both
cell lines. The GP average of both the MDCKII and RAW264.7 cell lines
decreased with increasing concentrations of MβCD (Fig. 3A and B
respectively). Analysis of Variance (ANOVA) with follow-up Tukey-
HSD testing showed this reduction in GP average to be signiﬁcant
(pb0.01) in both cell lines. The GP average of MDCKII cells treated
with 30 mM MβCD was not signiﬁcantly lower from those treated
with 20 mM MβCD (pN0.05). These GP average curves very closely
resemble those previously reported [40] indicating the viability of
using our system to study changes in GP in response to added
experimental factors.
An example of the effect on GP of MβCD is shown in Fig. 3. An
MDCKII cell with just the water vehicle added (0 mM MβCD) shows
the GP range over its membrane as seen in untreated cells (Fig. 3C)
having a GP average of 0.082, with the distribution of GP values for
each pixel shown in Fig. 3D. With a cell that has been incubated with
30 mM MβCD, the resultant GP displays a lower order across the
membrane (Fig. 3E) with a GP average of −0.017 and fewer areas
showing lateral organisation. The reduction in the GP distribution
toward a more negative mean value in the MβCD-treated cell
compared to the control can be seen in the histograms of GP value
per pixel (comparing Fig. 3D and F).3.4. Visualisation of cellular structures
Structures such as functional cell membrane protrusions have
previously been shown to contain membranes of increased order,
such as the demonstration that the primary cilia in epithelial cells
possess a lo domain at their base [41]. Flagellar membranes have also
been shown by Tyler et al. [42] to bemore highly ordered regions than
other regions of the cellular membrane, and this can be seen for the
American trypanosome Trypanosoma rangeli, a ﬂagellated protozoon
(Fig. 4). The red-ﬁltered brightﬁeld image of an individual Laurdan-
stained Trypanosome (Fig. 4A) and the 500 nm (Fig. 4B) and 435 nm
(Fig. 4C) ﬂuorescent images were captured on the triplesplit wideﬁeld
microscope for analysis. The GP image then generated (Fig. 4D) shows
the ﬂagellum to have greater membrane order than the rest of the
cell's membrane, as has been previously demonstrated for the African
Trypanosome Trypanosoma brucei [42]. When regions of low
membrane order are excluded, the higher order of the ﬂagellar
membrane can clearly be seen (Fig. 4E).
3.5. Laurdan photoselection effect in cellular imaging
Although our GP results can be seen to closely match those
reported from two-photonmicroscopy, indicating its potential for live
cell imaging with Laurdan in wideﬁeld microscopy, there remains the
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intrinsic to this method and arises because Laurdan aligns in the
phospholipid bilayer parallel to the acyl chains and with polarized
light, excitation is strongest in the plane parallel to the excitation [39].
For confocal microscopy and especially 2-photon microscopy, which
utilizes polarized laser excitation, this effect can be strong. For
instance, for a homogenous spherical lipid vesicle, a ring of bright
ﬂuorescence can be observed with top and bottom being relatively
less ﬂuorescent [39]. Compounding this effect are the observations
that differences in the phase of the membrane can affect both the
magnitude of the effect and that polarized light, which photoselects
well-oriented Laurdan molecules, also selects Laurdan molecules
associated with high GP values[37]. Thus the photoselection effect can
result in the skewing of the calculated values of pixels in the GP image
and therefore the GP histogram.
For living cells the potential signiﬁcance of the photoselection
effect in interpretation of GP data, given the large size and irregular
geometry of cells and especially when considering phenomena using
3 or 4-dimensional microscopy deserves careful consideration. Parts
of the cells will inevitably lie in different orientations relative to the
excitation light and this has the potential to cause systematic errors in
interpretation which have not, to date, been fully considered. In this
paper, we describe the use of Laurdan microscopy on living cells
excited by epiﬂuorescence with a non-coherent UV source. There is
little existing data with which to gauge the magnitude of theFig. 5. The effect of a BSA-coated bead on membrane dynamics can be visualised using the t
outlined in (A) shows the position of the BSA-coated bead against the cell membrane (B) w
arrow. GP scale of (B) and (C) shown to the left. Scale bars=10 μm (A) and 5 μm (B).photoselection effect under such conditions, although it has been
suggested that non-polarized excitation may give rise to smaller, less
predictable effects than two-photon microscopy [37]. Targeted
experiments speciﬁcally addressing this issue are highly desirable
and will be important in gaining increased accuracy from GP
calculations associated with live cell imaging.
3.6. Utilisation of third channel imaging
Addition of BSA coated 4 μm red beads was seen to increase the
order of the cell membrane at the contact points (Fig. 5) analogous to
synapses between cells and pathogens. As well as demonstrating the
potential of coat proteins to inﬂuence the composition of adjacent
plasma membrane with which they are in contact, this shows the
potential of our system for analysing GP changes in live cells in
response to factors or relative to markers that can be followed in
the third channel, with images in all three channels captured
simultaneously.
4. Conclusions
These results demonstrate the utility of a low-cost wideﬁeld
microscope to effectively replicate results gained from Laurdan
staining and two-photon microscopy, in both the heterogeneity of
individual cells and protozoan membranes, and in changes inhird channel. Optosplit III image showing all three channels (A). GP analysis of the area
ith a discrete region of increased GP seen at the bead's location (C), as indicated by the
641G. Wheeler, K.M. Tyler / Biochimica et Biophysica Acta 1808 (2011) 634–641membrane ﬂuidity in response to chemicals that remove the
cholesterol from membranes and prevent the cell forming the more
ordered regions. The potential is there for this setup to image live cells
and monitor the changes in membrane order in response to different
factors. In addition to previously reported set-ups, we have also
demonstrated the ability of our system to investigate the localisation
of red-tagged markers and proteins in relation to high or low GP
regions, which can be added effectively onto an inverted microscope,
and at less expense compared to the two-photon system.
Acknowledgements
The authors wish to thank Dr. Jelena Gavrilovic for the kind gift of
the RAW264.7 cells, Cairn Research Ltd, UK for help with the new
microscope set up, Dr. David M. Engman (Northwestern University,
Chicago, IL, USA) for critical reading of the manuscript, Theodore
"Chip" Hazlett for the initial impetus for the work and the helpful and
constructive reviewers for improvements to the paper. This work was
supported from Wellcome Trust project grant 081059/Z/06/Z.
References
[1] E.J. Shimshick, H.M. McConnell, Lateral phase separation in phospholipids
membranes, Biochemistry 5 (1973) 2351–2360.
[2] J.H. Ipsen, O.G. Mouritsen, Modelling the phase equilibria in two-component
membranes of phospholipids with different acyl-chain length, Biochim. Biophys.
Acta 944 (1988) 121–134.
[3] R.G.W. Anderson, K. Jacobson, A role for lipid shells in targeting proteins to
caveolae, rafts and other lipid domains, Science 296 (2002) 1821–1826.
[4] K. Simons, E. Ikonen, Functional rafts in cell membranes, Nature 387 (1997)
569–572.
[5] L.J. Pike, Rafts deﬁned: a report on the Keystone symposium on lipid rafts and cell
function, J. Lipid Res. 47 (2006) 1597–1598.
[6] D.A. Brown, E. London, Functions of lipid rafts in biological membranes, Annu. Rev.
Cell Dev. Biol. 14 (1998) 111–136.
[7] D. Lingwood, K. Simons, Lipid rafts as a membrane-organizing principle, Science
327 (2010) 46–50.
[8] G.W. Feigenson, Phase boundaries and biological membranes, Annu. Rev. Biophys.
Biomol. Struct. 36 (2007) 63–77.
[9] L.A. Bagatolli, J.H. Ipsen, A.C. Simonsen, O.G. Mouritsen, An outlook on organization
of lipids inmembranes: searching for a realistic connection with the organization of
biological membranes, Prog. Lipid Res. (2010), doi:10.1016/j.plipres.2010.05.001.
[10] S. Mayor, M. Rao, Rafts: scale-dependent, active lipid organization at the cell
surface, Trafﬁc 5 (2004) 231–240.
[11] H. Ike, A. Kosugi, A. Kato, R. Iino, H. Hirano, T. Fujiwara, K. Ritchie, A. Kusumi,
Mechanism of Lck recruitment to the T-cell receptor cluster as studied by single-
molecule-ﬂuorescence video imaging, Chemphyschem 4 (2003) 620–626.
[12] R. Tavano, R.L. Contento, S.J. Baranda, M. Soligo, L. Tuosto, S. Manes, A. Viola, CD28
interaction with ﬁlamin-A controls lipid raft accumulation at the T-cell
immunological synapse, Nat. Cell Biol. 8 (2006) 1270–1276.
[13] T. Zech, C.S. Ejsing, K. Gaus, B. de Wet, A. Shevchenko, K. Simons, T. Harder,
Accumulation of raft lipids in T-cell plasma membrane domains engaged in TCR
signalling, EMBO J. 28 (2009) 466–476.
[14] M.C. Fernandes, M. Cortez, K.A.G. Yoneyama, A.H. Straus, N. Yoshida, R.A. Mortara,
Novel strategy in Trypanosoma cruzi cell invasion: implication of cholesterol and
host cell microdomains, Int. J. Parasitol. 37 (2007) 1431–1441.
[15] A. Abulrob, Z. Lui, E. Brunette, D. Pulla, D. Stanimirovic, L.J. Johnston, Near-ﬁeld
scanning optical microscopy detects nanoscale glycolipid domains in the plasma
membrane, J. Microsc. 232 (2008) 225–234.
[16] S. Engel, S. Scolari, B. Thaa, N. Krebs, T. Korte, A. Herrmann, M. Veit, FLIM_FRET and
FRAP reveal association of inﬂuenza virus haemagglutinin with membrane raft,
Biochem. J. 425 (2010) 567–573.
[17] K. Jacobson, O.G. Mouritsen, R.G.W. Anderson, Lipid rafts: at a crossroad between
cell biology and physics, Nat. Cell Biol. 9 (2007) 7–14.
[18] B.C. Lagerholm, G.E. Weinreb, K. Jacobson, N.L. Thompson, Detecting micro-
domains in intact cell membranes, Annu. Rev. Phys. Chem. 56 (2005) 309–336.
[19] G. Weber, F.J. Farris, Synthesis and spectral properties of a hydrophobic
ﬂuorescent probe: 6-propionyl-2-(dimethylamino)naphthalene, Biochemistry
18 (1979) 3075–3078.
[20] L.A. Bagatolli, T. Parasassi, G.D. Fidelio, E. Gratton, A model for the interaction of 6-
lauroyl-2-(N, N-dimethylamino)naphthalene with lipid environments: implica-
tions for spectral properties, Photochem. Photobiol. 70 (1999) 557–564.[21] T. Parasassi, G. De Stasio, A. d'Ubaldo, E. Gratton, Phase ﬂuctuation in
phospholipid membranes revealed by Laurdan ﬂuorescence, Biophys. J. 57
(1990) 1179–1186.
[22] T. Parasassi, G. De Stasio, G. Ravagnan, R.M. Rusch, E. Gratton, Quantitation of lipid
phases in phospholipid vesicles by the generalized polarization of Laurdan
ﬂuorescence, Biophys. J. 60 (1991) 179–189.
[23] S.A. Sanchez, M.A. Tricerri, G. Gunther, E. Gratton, Laurdan generalised
polarization: from cuvette to microscope, in: Mendez-VillasA. , DiazJ. (Eds.),
Modern Research and Educational Topics in Microscopy, Formatex, 2007,
pp. 1007–1014.
[24] M.G. Buffone, S.V. Verstraeten, J.C. Calamera, G.F. Doncel, High cholesterol content
and decreased membrane ﬂuidity in human spermatozoa are associated with
protein tyrosine phosphorylation and functional deﬁciencies, J. Androl. 30 (2009)
552–558.
[25] R.W. Klemm, C.S. Ejsing, M.A. Surma, H.-J. Kaiser, M.J. Gerl, J.L. Sampaio, Q. De
Robillard, C. Ferguson, T.J. Proszynski, A. Shevchenko, K. Simons, Segregation of
sphingolipids and sterols during formation of secretory vesicles at the trans-Golgi
network, J. Cell Biol. 185 (2009) 601–612.
[26] R. Gabbianelli, C. Cifani, M. Massi, C. Polidori, G. Falcioni, Oxidative damage in rat
erythrocyte membranes following ethanol intake: effect of ethyl pyruvate, Chem.-
Biol. Interact. 169 (2007) 122–131.
[27] L.A. Bagatolli, E. Gratton, A correlation between lipid domain shape and binary
phospholipids mixture composition in free standing bilayers: a two-photon
ﬂuorescence microscopy study, Biophys. J. 79 (2000) 416–425.
[28] M.A. Tricerri, J.D. Toledo, S.A. Sanchez, T.L. Hazlett, E. Gratton, A. Jonas, H.A. Garda,
Visualisation and analysis of apolipoprotein A–I interaction with binary
phospholipids bilayers, J. Lipid Res. 46 (2005) 669–678.
[29] I. Plasencia, L. Norlen, L.A. Bagatolli, Direct visualisation of lipid domains in human
skin stratum corneum's lipid membranes: effect of pH and temperature, Biophys.
J. 93 (2007) 3142–3155.
[30] S.A. Sanchez, E. Gratton, Lipid–protein interactions revealed by two-photon
microscopy and ﬂuorescence correlation spectroscopy, Acc. Chem. Res. 38 (2005)
469–477.
[31] R.F. de Almeida, A. Fedorov, M. Prieto, Sphingomyelin/phosphatidylcholine/
cholesterol phase diagram: boundaries and composition of lipid rafts, Biophys. J.
85 (2003) 2406–2416.
[32] K. Simons, W.L. Vaz, Model systems, lipid rafts, and cell membranes, Annu. Rev.
Biophys. Biomol. Struct. 33 (2004) 269–295.
[33] H.-J. Kaiser, D. Lingwood, I. Levental, J.L. Sampaio, L. Kalvodova, L. Rajendram, K.
Simons, Order of lipid phases in plasma membranes, PNAS 106 (2009)
16645–16650.
[34] S.L. Lay, Q. Li, N. Proschogo, M. Rodriguez, K. Gunaratnam, S. Cartland, C. Rentero,
W. Jessup, T. Mitchell, K. Gaus, Caveolin-1 dependent and independent membrane
domains, J. Lipid Res. 50 (2009) 1609–1620.
[35] K. Gaus, E. Gratton, E.P.W. Kable, A.S. Jones, I. Gelissen, L. Kritharides, W. Jessop,
Visualising lipid structure and raft domains in living cells with two-photon
microscopy, PNAS 100 (2003) 15554–15559.
[36] K. Gaus, S.L. Lay, N. Balasubramanian, M.A. Schwartz, Integrin-mediated adhesion
regulates membrane order, J. Cell Biol. 174 (2006) 725–734.
[37] T. Parasassi, E. Gratton, W.M. Yu, P. Wilson, M. Levi, Two-photon ﬂuorescence
microscopy of Laurdan generalized polarization domains in model and natural
membranes, Biophys. J. 72 (1997) 2413–2429.
[38] H.M. Kim, H.-J. Choo, S.-Y. Jung, Y.-G. Ko, W.-H. Park, S.-J. Jeon, C.H. Kim, T. Joo, B.R.
Cho, A two-photon ﬂuorescent probe for lipid raft imaging: C-Laurdan,
Chembiochem 8 (2007) 553–559.
[39] L.A. Bagatolli, To see or not to see: lateral organisation of biological membranes
and ﬂuorescence microscopy, Biochim. Biophys. Acta 1758 (2006) 1541–1556.
[40] S.A. Sanchez, M.A. Tricerri, E. Gratton, Interaction of high density lipoprotein
particles with membranes containing cholesterol, J. Lipid Res. 48 (2007)
1689–1700.
[41] O.V. Vieira, K. Gaus, P. Verkade, J. Fullekrug, W.L. Vaz, K. Simons, FAPP2, cilium
formation, and compartmentalization of the apical membrane in polarized
Madin-Darby canine kidney (MDCK) cells, Proc. Natl. Acad. Sci. USA 103 (2006)
18556–18561.
[42] K.M. Tyler, A. Fridberg, K.M. Toriello, C.L. Olson, J.A. Ciesak, T.L. Hazlett, D.M.
Engman, Flagellar membrane localization via association with lipid rafts, J. Cell Sci.
15 (2009) 859–866.
[43] M.H. de Moraes, A.A. Guarneri, F.P. Girardi, J.B. Rodrigues, I. Eger, K.M. Tyler, M.
Steindel, E.C. Grisard, Different serological cross-reactivity of Trypanosoma
rangeli forms in Trypanosoma cruzi-infected patients sera, Parasites Vectors 1
(2008) 20.
[44] RasbandW.S. , ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA,
19978 http://www.rsb.info.nih.gov/ij/.
[45] J.A. Dix, A.S. Verkman, Mapping of ﬂuorescence anisotropy in living cells by
ratio imaging. Application to cytoplasmic viscosity, Biophys. J. 57 (1990)
231–240.
[46] J. Lakowicz, Fluorescence spectroscopy data analysis environment. A second
generation global analysis program, Time-Resolved Laser Spectroscopy in
Biochemistry, Proceedings of SPIE, 909, 1988, pp. 70–81.
